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‘1’hc  Mars l’athfinc]cr (M1’F)  Spacecraft,,  scheduled for a I)cccrnbcr ‘9G launch to Mars, uscs a
mechanically pum])cd  loop to transfer clissil)at.cd heat frwn the insulated lancler electronics to an cxtornal
radiator. This paper discwsscs  the tradeoffs pcrforn~ccI  before choosing a mechanical pumpd  100]) as the
therms 1 control system for N41’I’. It clcscribcs  the analysis, design,  ancl prcdictcd pcrformanco  of this
systcm,  ‘1’radooffs  performed in the selection of the u’orking fluid,  tubing diarnctcrs ancl rnatorials, ,Iayout
of the tubing ancl the working fluid venting approach arc dcscribcd.  ‘l’ho various dcvclopmcnt  tcsLs(
])crformccl  arc discussed along with the current status of this cooling syst.crn. I“inally,  some thou~hts  orJ
the development of mechanically purnpcd  loops for future spacccraf(  arc prcscntcd.

‘1’hc Mars l’athfinclcr (MI’]”)  Spacecraft is schcdulcd for a l)cccmhcr  ‘$IG launch to Mars with a
landing in July ’97. ‘1’hc  spacecraft (Figure 1) is cornposccl  of two clistinct  parts: the cruise stage and the
lanc]cr. ‘1’}1o cruise stage is separated from the lanc]cr  by swcral cxp]osivc  bolts, just prior to the lander
])ort,ion CI)tCJ’i J)g the Martian atrnosphcrc. Safe c~ltry of the lander into the Mar[ian atmosphere is
achieved  by an ablative heat shic]d  surrounding it.. tJpon  reduction of the s{}acccraft  spcccl to a
])rcxlctcrminccl  ICVCI, the heat shic]d is detached ancl discarded followed by deployment of a parachute to
slow it clown further. At a prcclctcrmincd low altitude, this is followd  by firing of rctro-rockets to bring
the lander to a near standstill. Finally, airbags surrounding the ]andcr  systcm aro  clcployecl  to cushion
the inl])act  OJI the h4arLian  surface.

]~o]lowing  landing the airbags arc vented and rctractcd and the tctrahdra]  shaJ)d  ]andcr dcp]oys
its sc]f righting pct,a]s  which exposes the t,])rcc  so]ar  arrays and the insu]atcd e]cctroJ~ics  cnc]osurc,
Finally, a mvcr located on onc of the solar ]Janc]s is rclcascd and allow’cd to discover the ]andscapc of the
Martian surfkcc.

‘J’hc same communication and data analysis electronics is used both during cruise and ]andcd
o])crations. It is located in the lander bascpcta] and is con~~)lctcly cncloscd in a very high performance
insulation to conscrvc  heat. (power) during the cold Martian nights (as cold as -80°C). IIccausc  t}]c sarnc
electronics is used both during cruise as WC]I  as ]andccl, and  since jt is hig}lly insulated (insulation and
stowed airbags),  it is VCrY difficult, to rcnlovc  its dissipated heat passivc]y during t}lc cruise phase
(tcm])craturcs outside the insulated cnc]osurc  areas high as 15DC near carLh). ]’urlhcr,  the 90 Watts of
Jlowcr is continuously dissipated by this lander electronics during cruise. ‘J’his ncccssitatcd  the ncwd for
a heat reject.ion sys(cn~(ll  }?,S)  for h41’F. ]n a(]dition to rcjcci ing heat (luring  t,hc cruise phase the J ]]{S was
also required to minimize any heat, leaks from t,hc insulated electronics once M 1’11’ has landed on Mars,



‘l’he 1 IRS serves as the thermal link from the equipment shelf to the heat sink - it picks up the
heat from the electronics and transfcws  it to the radiator which in turn rejects it to space via thermal
radiation. ‘l’he heat shield and a cruise stage racliator were investigated as I)ossiljlc  heat sinks for the
1 11{S. ‘1’he concepts traclcd-off for the 111{S  were pun]lJccl  fluid 100])s (single phase, liquid), }~cat pipes
(variable & constant conductance, V~lll’ and ~~111’)  and dctachab]c thcrnlal/rnccharrical links. Mass,
cost, schedule, power & tcchno]ogy  readiness were t.radccl. A rncchanical pumped fluid cooling 1001)
using freon- 11 was chosen for the 111{S duc  to the following attractive features (which other  concopts
lacked partia]]y or fully):
b l’;asc of integration with s/c
b ]’;asily scvcrcd link before  Marlian entry (pyro cutting of tubes)
b No need for power cluring  Martian nights (unlike V(3I 1 l’)
● l“lcxibility of ground operations & tesk+ (no orientation constraints)
b control temperatures ofrornotcly located cc,rnponcnts  (thcrrnal bus)
> Modulate t.crnpcrat.urcs  with changing thorrnal environment and cquiprncnt power
b 1 .ow entry mass (most mass located in cruise S( age)
b F;asc of fino tuning pcrforrnancc after tests
b Versatile thermal control systcrn  for future (small, light, cheaIj)  missions

Aftm-  choosing the n~cchanical  pumped cooling loop to smvc  as t}lo 111{S for M I’F’,  a sys~cm level
design study was pcrforrncd on the s~lacccraft  and the following requirements were dwclopcd  for the
111{s:

The rma l :
b ~ooling power: !30 -180 w
b Allowab]c  ten~l)craturc range of cquiprncnt: -60 to -20 ‘~ (low limit), 5 to 70 ‘~ (high limit)
b lbwon liquid o])crating tenlpcrature  of + 30 to -10 ‘~
b <3 W parasitic heat loss on Martian surface (from any remnants of the cooling loop)

i n t e g r a t e d  P u m p  A s s e m b l y  (11’A):
● 0.2 g])nl freon flowratc @ s 4 psid  ])ressure rise
b < j (1 JV total ])owcr  consum]jtion  d~rring cruise
b <8 kg weight
b > z years Ofcorltirluous  opcr:it,ion  Without  failur-e

Lcwkagc:
b hfloct.  sl)ccified  (very low) leak rate (liquid & gas) to maintain liquid ]Jrossure  WCI1 above

saturation prcssur-c  (at leas( 30 psi diffcrcnw)

Venting:
> Freon to be vented f rom 11 IN IJrior to ]andcw  enter ing hlartian a t m o s p h e r e  t o  p r e v e n t

contamination of Martian surface (freon would interfere wit,}]  chemical experiments to be
l)crformcd by ]’atllfin(lcr on hfars)

b l“rcon  lines from lander to cruise stage to he cut by ]Jyro  cutter after freon  has been vented to
allow sc])arat.ion  of cruise stage from the lander

b Negli~iblc nutation  torque of spacecraft due to venting IJroCCsS
b Ncgli~iblc contarninat  ion of spacecraft components during freon  venting
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The }11{S  design consisted of six clistind parts:

lntcgratcd l’ump  Assembly (1 I’A)
:; Freon-1 1 working fluid
c) IIRS tubing
d) l’electronics assembly
c!) )’rcon  Vent system
f) ltadiator

The primary electronics (the key heat source) is Iocatecl in the lander  basepetal in a highly
insulatml enclosure. T}1o  11’A flows the freon through the 111{S tubing from the elect.ronics assembly to
the cruise stage radiator. ‘1’hc  vent systcm is USIA  to vent the freon l)rior  to h~artian entry.

a) Integrated Pump Assembly:

A schematic of the cooling loop along  with the 11’A is shown in Figurw 2. ‘l’he 11’A has two
centrifugal pum])s,  one of t}lcm being  t.hc primary whereas  the second one serves as the backup in case
of failure of the primary; only one pump is on at any titnc. l’jac}~ pum])(powcred  by its own motor)
produces more than 4 psi pressure differential at 0.2 gl)nl (0,7 litershnin). ‘J’he  punlp/nlotor  assembly has
hydrodynamically lubricated journal bearings to minimize bearing wear ancl frictional power loss, and to
maximize the life of t.hc system. Each pumphmotor  assembly has its individual radiation hardened
electronics to power it.

Two wax actuated thermal corrtrm] valves automatically and cent inuous]y  s~)lit the main freon  flow
bctwcwn the radiator and  a bypass  to the radiator to pmvidc  a fixed (mixed) temperature fluid to the inlet
of the clectmnics shelf . this is tQ acmunt.  for the continuously clccreasing  cnvironrncntal  temperature for
the radiator on its journey from earth to mars and t})c constantly changing heat load on the electronics.
‘1’he  thermal control valves usc an errclosccl  wax pcllot with lmllows to o])en and close  two por~s  leading
u]) to the radiator and its byl)ass  depending on the freon tcrnpcraturc entering the valve - the set poitlt
of the valves is O to .7 0t3 which was chosen to be a])]) roxinlately in the rnidcllc of the o]jerating
temperature limits of t,hc electronics hcing  cooled by the 1 If{S. Whcrr  freon enters the thermal control
valves at temperatures higher than O‘~ all the flow is allom’cd to go through t.hc radiator, whereas when
the tcrnl)crature drops below -7 ‘~ all the flow t)ypasses  the radiator - for intcrmcxliato values of
tenll)cratures,  the valve opens partially in cac}l direction.

F’our  chock valves in t}~e 1 I’A prevent the flow from recirculating from the primary (active) punll)
tn t.ho backup  (inactive) pump and byl)assing  of either the elect ronic.s or the radiator whenever only  one
])llrllI) is on and t,hc t,hcmnal  cont,ro]  valves arc either diverting the flow fully  or I)arlia]ly to the radiator.
1 )UO the changing environment tenq~crat.urcj the bulk of the freon  liquid undergoes a temperature change
(-40 to -I 50 ‘~ ) during the flight and ground  testing - to accommodate t}lis tho  lllA cnll)loys  a bellows
accumulator to maintain the liquid pressure at least 30 ])si above its saturation pressure t}lroughout the
fligl~t to prevent cavitation of the centrifugal pumlIs.  ‘Mc accumulator bellows  has a stroke of 24 cubic
inches and is sized to account for a liquid volume chanxc  of 14 cubic inc}]es duc  to tcnl]~craturo changes
and liquid leaks of as large  as 10 cubic inches during (}]c flight (7 months). A detailed closign description
of the 1 I’A is provided in Ref. 1.

b) Freon-] I Working Fluid:

ALou{ fifteen fluids (ltef. 2) were t radecl-off  as candidate working fluids before choosing I’rcon-  11
(10(}  1,1’) a colnrnonly  used refrigerant for building  air-conditioners, ‘1’hc working fluid is clcsignc(l  to
rcrnain  in the liquid phase under  all condi[ ions to allow the mechanical ~)urn])s  to work satisfactorily - this
and other considerations lead t,o swcra] criteria USC(I to t,radc-off  Lhcse ]iquicls. Some of the liquicls
t radcd-ofl’ wcm various fmons, methanol, ethanol, glymls, 1 )owthmms  and  t richlorocthylcne.  ‘1’l)c criteria
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used were:

b Frecwing point (less than about -90°~ because during the radiator bypass the freon in the racliator
could  get as cold as .80°Q

b ]Ioiling  point (as high as possible to ensure that the operating pressure required to maintain tho
liquid state is low; also higher  Lhan room Lcmpcrature  for ease of handling during ground
ol)crations)

b ]Iigh  spccifrc  heat ancl thermal conductivity; ICW viscosity (for high }leat  t.ransfcr  rates and lcw
pressure drops)

b l’lxccllcnt, compatibility with commonly USC(I mat trials like aluminum ancl stainless st ccl (for long
term corrosion proof pcrformancc)

‘1’hc irn])ortant  J)ropcrtics of Freon-1 1 arc:

IJrcezing point’- -11 l“~
Normal boiling ])oint  = 240(2
Va])or  pressure at 500(3 (hi.ghcst  operating ternl~craturc)  = 20 psig
Specific heat = 900 J/kg.]{
‘1’hcrrnal  Conductivity = 0.084 W/nl-1{
Viscosity ~ 0.5 cl’
l)cnsity = 1.45 g/cc
}’randtl Number= 4
Very compatible with siainlcss steels; very compatible with aluminum at low moist urc ICVCIS  (-
10 p]~rn),  quit.c  corrosive at high moisture lcwcls (-100 ])])m);  corn} )atiblo iviih some  elastomers
like \~lTON  and materials like ‘J’JI~lI’l  ,ON

c) Tube IIiamctcrs  and Materials:

‘1’ubc cliarnetcrs of 1/2”, 3/8” and 1/4” were tradcxl-cfffor heat transfer, ]Jrcssurc drop, pumping
power and weigl~t.  ]/4” was used for tle electronics shelf for high heat,  transfer and the fact, that the
length there was short (] m) that pressure drop was not cxccssive. 3/8” tuhc was used for the radiator
bccausc the heat transfer coefficient was not critical in the radiator (large available area, ahout 27 feet
long); 3/8” tubing was also used for the transfer lines,  Since the radiatcr and the transfer lines hacl long
len@~s  of tubing this also minirnizccl  the pressure droll in the loop. i’rcon  flow rates were tradec]-off  in
terms of heat transfer and J)rcssurc  drops to come up with an optimum value of 0.2 g})m.

‘1’hc clcctmnics shc]f  & radiator usc aluminum tubing  because the tubing in thcso zonos  is Lraze(l
to aluminum surfaces which arc used to ensure high heat transfer rates with minimum weight. ‘l’ho
t ransfcr lines were made of stainless steel fcr  ease of welding, bct(cr compatibility with freon, shorter
lengths, ancl lack of heat transfer rwquircmcnts.

d) ILlcctronics  Shelf ‘1’ubing  l,ayout:

Several tubing layouts were invcstigatod to rninirnim  coml)oncnt  tcrn])craturcs,  freon pressure
drop &. pumping power. ‘J’hc key constraints were (I]c tempcraturw limits of the Solid State }’ow’cr
Amplifier (SSI’A; 400~) and the battery ( -2o to + Z5°(~) and the highly lccalized heating in the SSJ’A (43
Win a relatively small area). F’igurc  3 shows the tubing layout usccl for the c]cctronics shelf in the lander.
‘1’hc  cooling 100]) tubing was strategically muted and  wra])l)ed near the high l)ow’cr  dissipation area of the
SS]’A  to n]irlir])izc its t,enlJ)craturc  rise; the ether clcch-onic  bcxcs  (1 l~;M and 1 )S’1’,)  have a relatively
uniform ])ower dissipation and did not require strategic routing of the cooling 100]) tubing to pick ul~ their
]K!at.

‘1’hc she]fs faccs}lcmt thickness was varied to trade-off heat transfer & mass, 1,ocal thickening of
faccshmt. near hot sl)ots  was alsc invesLigatcd,  A basic  thickness of GO roils fcr the faccshcct (no lccal
thickening) was chosen which satisfies all the thermal requircrncnts. Af~cr entry into tl~c Martian
atnlos~lhcro  and landing, the llltS is no ]ongcr  functional, and the cJcctronics in the lander relics on its
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thm-mal  mass to manage its temperatures within its limits. Since the SSI’A power clcnsity  is so high, the
faccshcct was thickened near the SS1’A  to 180 rnils to satisfy the entry and fi’larlian  surface rcquircrncnts
(cnup]ing tho high powwr,  low mass SSI’A to the low power, high mass llI;h4 box to improve the transient
response).

In addilion to the ]andc?r c]ectronics shc!]f  two other components were coo]ecl  by the coo]ing  ]oop:
the Shunt 1 ,irnit  Controller (S1,(3) ancl t}}c liover colcl finger. For the Rover the colcl finger is couplccl  to

a split, c]anlshc]l  which  grabs  onto the ]IRS  tubing  to reject, its heat (2 W). The Sl,~ has a heat clissipation
varying from O to GO W (clepcncling  on the shunted power) and its cooling is achicvccl  by boncling  a COICI
plate Lo its interface - the cold plate has two feet of the cooling loop tubing Lramcl  to it for freon flow.

1 lcfore Martian entry,  the freon ncccls to bc rcmovecl from t.}lc lander (to minimize contamination
of the Mar[ian surface) by either venting all of it. to sl)ace or repositioning it. to tho  cruise stage (which is
sc]jaratcxl  frclm the ]anclcw before cnt  ry) several schcmcs to vent the freon were invest igatd to come Up
with a scheme which minimizes the resultant torque on tho spacecraft:

b Use  high ]Jrcxwurc  gas (NJ in the accumulator to “l)iston-out”  freon from the 11 1{S by opening a
~]yro valve which connect.s the gas siclc of the accumulator to tho  ]iquicl - the liquic] in turn is
vontecl  to s]]ace via  a ilOZZ]C!  whic}l is openecl tc) space via anolhcr  pyro  valve (Figures  4 ancl 5)

b 1 )ischargc from opposing (,’I’-shapccl) nozzles to cancel the torques,
or, through a single nozzle with the nozzle  axis passing through the sl)acccraft.  e.g. (with the
nozzle  outlet pointed in a clirwction o]lposite  to the e.g.)

‘1’hc main reason for the torque on the spacecraft is the reaction from the rnomenturn of the
venting freon,, hence the rationale for entcrt.aining this possibility because until the spacecraft, is intact
(cruise stage connected to the lander), rcpositionirrg  the freon wit}lin the sl)acccraft shoulcl nlinimizc the
rcactional torque. ‘l’he scheme  was to usc the accumulator gas to push the freon into a separate (extra)
thin w’allcxl  & light weight “ho]cling” tank in t}~e cruise st.agc (sizccl to hold the entire volume of liquid
freon)  - an extra check valve WOLIIC1  prevent backflow from the }lolcling tank to the 111{S,

Venting freon  to s})acc  through a single  nozzle  with its axis passing through s])acecraft e.g. was
chosen ant] inlplcmentcd  - it is a simple schcrnc  to implement (h’igures  4 ancl 5)  with  minimum
contamination ancl minimum harclwarc changes to the s~lacccraft,.  ‘1’hc  clianwt.er  of the nowlc is 1 mm
which meets tho att.ituclc control system’s rcquircrnents  of the clisturbing torque - the time to vent all the
fr(:on is predicted to be about three minutes. ‘lThc initial thrust from the nozzle  is ostirnatccl  to he about
0.5 N with an initial exit. S] ICCCI  of 21 nl/s. ‘l’he thrust, of course, clecays very rapicl]y  (exponentially) and
is loss  than 0.05 N at the cnd  ofthc vent I]roccss,

f) Radiator:

‘J’hc raclirrtor  USCC]  to rcjecl the 180 W of heat (maximum) is a 27’ long by 8“ wide  circurnfcrcntia]
stril~ of aluminum (3o roils thick an{l thcrnla]]y at,t.ached to the 3/8” ] 11{,S  tubing) and ]ocat,ccl at t}l{>
circumference of the cruise stage. It is rncchanica]ly  attachecl to the cruise stage ribs and thermally
(concluctivcdy) clccoup]cxl  hy iso]atnrs,  ]]oth sides  arc I)aintc,d white  (NS43G  On the outside surface, l)exter
~rowrn  hlolro gloss white on t,he inside surface; high ( , low =) to maxirnim ils heat loss ])otcntial, ‘1’ho
insiclc surfaco is racliativcly coupled to the warm cruise stage unclcrsitle  ant] the backshc]l to prccluclo
freezing of the freon in the racliator when t,}le racliator faces  a cold environment. ancl most c)f t.hc freon
by])asses the racliator @4 ‘% Lyl]ass).

‘J’ho reason for relying on the radiative coupling instead ofc.oncluctivc  coupling to ]~ick up some
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heat from tho cruise stage is that the radiative coupling (and heat. in])ut)  is much easier to predict and
implement than the conductive coupling because the conductive coupling is via a very convoluted and
complex thermal path which also involves contact,  conductance. For the coldest conditions the cruise
stago is at -30°t3 while the backshc]l  is at -65°~  - these surfaces provide enough heat to the radiator in
the COIC]CSL  conditions to maintain the temperature of the coldest l)ortion  of tho  radiator above  -80°~,
which is WCII  above  the freezing point, ofthc freon-l 1 (-1 11°(1) - even if there was no freon flow throu~:}~
the radiator, its temperature would not fall below .80°C.

}{rtdiato~

Table  1 contains the preclicts  fmm a detailed multi- noclal thermal model (SINI}ATJ’l{ASYS)  of the
radiator for the worst case hot and cold conditions. ‘1’hc w’orsL  hot case occurs near earth at a solar array
t,o sun angle of 30°, whereas the w’orsL cold case occurs near Mars at a sun angle of 41°. ‘1’he  worst
combination oftllcrlllo-o])tical  ]]rOJmrtics  (highmt = for all the surfaces) and parasitic heat loacls  into the
11 1/S tubing  (30 W,) were USC(1  for the worst hot case. Similarly, the lowest LX }vas USCC1  to prcxlict  the worst
cold case properties, even though realistically, near Mars the ~ would have degradcxl  and would he much
larger - however, this serves as a conservative approach to bound  the predicted temperatures - the
nominal cases will exhibit better tcrnpcratures, The radiator is sizecl to he large enough that, even in the
worst. hot case the racliator is nearly hcginning  to ho hyl)asscx];  in t}lc worst. cold case 94 ‘A of the flow
bypasscw  the racliator to maintain the correct fluid temperature, 1 n tho worst cold case the coldcs(
racliator zone is at -80°G which implies a 30°~ margin above  the freezing point of freon- 11 (-11 l“~).

IClect.ronics:

A multi-nodal integrate] rnoclel  of the raciiator ancl electronics (coolocl by thc l)umIIecl  1001))  was
mnstruct ecl (,SINl)A/1’ltASYS)  to predict the) temperatures of the electronics interfaces for the worst, hot
and cold cases (same as for the radiator) - the results are prcscmtccl  in Table 2. All the electronics
intmfaccs meet. their flight allowahlc  limits wit}) rnar~ins  (all except  one coml~oncnt  have margins larger
than 10°~ for the worst hot & cold cases). ‘l’he maximum heat dissipation for the hot case is 190 W and
tlm minimum is 70 W for the: worst COIC1 case, ‘l’ho tempcrat arc rise of the freon through all the c]cct.ronics
is about 1 l“~ for 190 W of heat removal at 0.2 gprn.

Several dcvclopmcnt tests were conducted to c}~aracterim  the ])mformance  of the coc)ling loop,
‘1’hcsc  tcs[s wore  pcrforrnccl  in parallel with  the design cffbrt  and were very hcll)ful  to ensure that t}lc
final clcsign would meet its requirements, ‘1’hcsc arc dcscribcd  below:

A develol)ment test was performed to simulate the e]cct,ronic  shelf ancl the racliaior to valiclate
tho  t.hcrmal  and hydraulic porformanm  models used in predicting tho  pcrformancm  of the cooling 1001).
Figure G shows a schematic of the test set-up where the lancler  electronic shelf’s power clistribut.ion  ancl
tubing  layout is simulated. Also sirnulatc)cl  were the actual lengths ancl cliametcrs of the racliator and
transfer line tubing. The radiator was not tested thermally (bccausc> the heat flux is very small) hut
tcstccl  for pressure  Clrol)s; the clcctmnics  shelf~vas tmlcxl Iloth hydraulically and thermally. ‘1’}]c pressure
(lro]~ across the entire system  was measured along W,it}l temperatures sclcctcd locations on the c]cct,ronics
interfaces. A rotamcter was usd to mcmsurw the flow rates.

TalJIC 3 show’s the comparison of,prcdictions  at[d test, results - in genera] the ~)rcclict,ion were quit,c,
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consist.crrt  with the test results; since  the predictions had ample margins this test sm-ved  its purpose in
quantifying the confidence ofthc thermal-hydraulic design ofthc cooling loop. ‘1’hc  other two components,
the rover and the SIZ, were not simulated therwia]ly  in this test (but were simulated hydraulically)
because at the tirnc of performing this tcsL their designs were not corn]  )}etc - they will trc tcstcxl  in the
forthcoming spacecraft system thermal vacuum test,

l)UC to integration mnstraints 17 mechanical joints (I]-Nuts or  AN fittings) are used to complctc
t.hc asscmh]y  - the rest, of the asscmhly  is wc]ded. Any ]argc leaks frmnl t,hc ] I }{S during t.hc 7 month  flight,
to Mars would  seriously jeopardize t.hc mission. Welded joint were not deemed to leak any significant
amount of freon. ‘1’hc  I;- Nuts, however, being rncchanical  in nat, urc,  could potentially leak and it. was
considered highly dcsirab]c to concluct  tests on thorn  to asccr[ain  that they will not leak at rates
substantial] cnoug]l to deplete t,hc flight accumulator during t,hc n~ission. It. was also clesircd  to corm UI)
with  bttcr schcmcs  for providing sane cxlra insurance against any potential leaks (cl)oxying  t,hc joints).

An cxtcnsivc  test for assessing the freon leak  rate t}lrough these n~c)chanical  joints (13-Nuts or AN
fittings) used in the M}’F lIcat Rejection Systcrn  (IIIW) was conducted. A]] t.hc combinations of materials
(Al, SS) and sizes (1/4”, 3/8”) used in the flight. 111/S were simulated. Teflon flex lines identical to the
flight ones were also tested for leaks t,hrough their joints. lJsc of cpoxios  to provide insuranco  against,
leaks was also assessed. ‘1’wcnty  four I]-Nut  joints were cxarnined. ‘1’hcsc  joints were sulrjcctccl  to cyclic
mechanical flexing and torsion to simulate those cncountcrcd by the worst joint in the flight systcm
during launch. ‘1’his was followed by thermal cycling to simulate the excursions during ground testing and
flight.

1 lcliurn  leak tests were conducted on each joint under vacuum and under internal pressure of 100
psia.  In addition, all the joints were pressurized with liquid  l’rcon  - ] ] (used  in flight, systcm) and tcstccl
for freon leaks. All the tcstccl joints exhibited leak rates which were much lower than t.hose used to size
the flight accumulator - the accumulator is sized to accommodate a leak of 17 cubic  inches of liquid freon
in the 7 month fli~ht;  whereas our tests showed that the total leak should  bc much  lCSS than half of this
va]uc even under the worst conditions.

Usc of soft cone seals and rc-torquing was recornmcnclcd.  Also rccommcndcd  ~vas tllc usc of an
c])oxy on the ext.crier surfaces of t,hc joint s’ leak paths to provide additional insurance against, leaks in
flight.

Mrrtcrial  Compatibility:

Wit}~in  the }11{S Freon-l 1 is in constant contact with materials like alumirlum, stain]css  steel and
sornc elastomers. C.onccrns for ])otcntia]  corrosion of aluminum, ])ar~icularly  in contact with moist freon,
were alleviated by conducting tests to investigate the compatibility of freon-1 1 with aluminum and

St ainlcss St cc], Several t,cst,  sanlplcs of :ilurninurn and stain]css steel were insert cd in freon- 11 with
different ICVCIS  of rnoisturc (freon is supplied in drunls at a rnoisturc lCVCJ of about 10 p])m and it
sat.uratcs at ]00  ppnl).  ‘] ’hcsc sanlp]cs  were cxan)inccl  chctnically,  visually and  under elect ron nlicroscoJ)es
to moasurc  the ]cvc]s  of corrosion as a function of t,inlc. ]~’or  alunlinunl, ]1o cvj(]cncc  of corrosion was
ohscrvcd for low moisture levels but, there was a very strong evidence of corrosion at. the high moisture
ICvcls. ‘1’his  tcsl showed that it was ext,rcmc]y  inlporlanL  to minimize moisture to prevent corrosion of
aluminum, and c]aborat,c  safeguards w,crc t,akcn in t,hc freon  storage & ]oading  probcss  to minimize the
rnoisturc levels.

No cvidcncc  of corrosion was observed for stainlms steel for all the moisture ICVCIS  tcstccl. Vlrl’ON
(used in tho cl,cck va]vcs)  was found to SWC]I significantly  when inserted in freon- 11, however, subscqucni
lc!ak tests J)crformcrl  on t.hc check valve demonstrated that it, the leaks through the check valves in the
check dircct,ion very small and wc]l within  acceptable limits, All other rnatcrials in contacL with t.hc freon
undcr}vcnt  long term conlJ)atil)ility  tests and were found  to Lc acccJ)t:iblc.



life:

.

,,

Since the coo]ing  loop wi]] be used t,hroughoui  the flight. for seven months (5000  hours) and it
crucial to function reliably throughout this duration to guarantee mission success, a life t,cst  set up w[is
built and is undergoing long t,crm tcsLir~g. ‘1’hc schcmat ic of this test, is shown  in F’igurc 7- it simulates
tho  long term o])cration ( 5000 hours flight duration) of pump assembly & parLiclc  filt cr, in conjunction
with rest of the 111{S (Al, Stainless S\eclj ‘J’cflon  tubing, accumulator, check  valves, etc.). ‘l’his system has
clocked about 4500 hours of uninterrupted operation until now with no pump failures.

‘1’hc filter used in this mock-up had inadequate ca])acity and  was hypasscd after 3600  hours(flight
filter has at least 5 times higher capacity for par~icles),  ‘1’hc  flight filter uses a check valve to bypass it
when the filter’s pressure drop  is higher  than 2.5 psid.  Since the 1 I’A produces a pressure riso of more
than G psi(l at 0.2 gpm (the  required flow rate for heat transfer), and the l)rcssure  drop in the cooling loop
system is cxpcctccl  to bc 2 psid,  this additional pressure drop from a cloggorl filter should not pose a
problem in providing the requirccl  flow rate of frcoll throughout the flight,

] n addition to t}~c conl])atibi~it.y tests dcscrihcd  carlicr (yerformi?d  on small sections of tubing
materials in a non-flowing cnvironrncmt  of freon), this life test was also used to investigate & measure the
long term synergistic corrosion of the 111{S  tubin% (Aluminum, Stainless stool)  in a flowing environment
with all the materials and components used in the flighi systcrn  simulated. Samples of tubing  & freon
liquid were taken out periodically for analysis - no ovidcncc  of corrosion has Limn found until now.

‘1’his life test was also used to measure long tcrrn  lcwks from the 111{S, particularly duo to
mechanical jc~ints (“AN” fittings, “lI-Nut s“) - relatively large leaks were oliscrvcd  in the beginning of teat
which were corrected ant] prompted a more c]aboratc leak test doJlc sc])arately (discussed c!ar]ier).

l“igurc 8 shows the variation in the flow rate, pressure drop and pump input I]owcr  as a function
of time for this life  test. Note the sharp change in all these parameters after the fill cr was bypassed.

7 CUltRENrr STATUS ANI) NE4E.’I’IRM l?LANSJ ——.. -————.  —

The  fully asscrnhlcd  MI’F spacecraft has successfully undergone acoustic, and radiated emission
and susceptibility tests; the 1 IRS }~as Lwcn intcgratccl with the spacecraft, and will under-go extensive
testing in the forthcoming System ‘1’hern]al  Vacuum test. ‘J’hc  radiator (12 panels  on cruise stage),
elcctrwnics cooling asscnlLrlies,  integrated ])urnJ) assembly have been integrated with rest of the spacecraf[j.
‘1’hc life test has undergone 4500 hours of operation (500 more for con~JJlcting  the flight duration) - it will
he run for at least onc  more year (hcyoncl  sl)acecraf(,  launch) and will servo as a test bed for future cooling
loops. ‘l’he launch is schoduld  for 1 )CC ‘9G followed hy landing on h4ars  in ,July ’97.

8JJQN.-CUJSQN-UNJ!’J’  G~ENEEMKNLQWS

A successful ])crformance  of this system in the l’athfinder mission will remove some reluctance
(and the associaterJ ]~aranoia)  on the par-t of projocts  to try out hold ncw a])]) roaches to ther-~nal control
of sl)acecraft. ‘1’hc current Mars ]’aLhfindcr  111{S ]ifc test fluid cooling ]OOJ)  serves as a test b-?d for
dcvclo J)ing bct,tcr cooling loops for future spacccrfif(. l;vcn though the ctirrcnt  loop is clesigncd  for
l’athfindcr, tlic technology dcvdol)ed will be of generic ~isc for future missions. ‘1’hc  know]cdge gained
will be useful to develop more flexible, robust, com])act,  lightweight, nlodular and autonomous
mechanically ]~utn]md cooling looJ~s . cxam~)les would  be the dcwclopmcnt.  of accumulators which can
:iccornrnodat.e  large system leaks, different ol]cratirlg  flliids,  better ton~l)cr:itlirc  modulation schemes,
gathering of more life cyclo data (e.g. pumps with or without filters) to dcwc]op  more oJ)tin~al strategies
for coml)oncnt,  redundancies,



‘1’11o  work dcscrilxcl in this paper was carried out at the Jet, l’repulsion 1,aboratory, Glifornia
institute ofrl’cchnology,  l’asadcna, California under a contract with the National Aeronautics and Space
Administration.

‘l’he authors wish to thank Chris Miratc, hlikc Schn~clzel,  ‘1’im,  Alan Ward and IIob ScotL for
setting up the (lcvc]opnmnt  tests, l]ill ],ayman for his constant technical advise and hc]p,  Richard
Flci.schncr  for helping in designing the leak test, Y.~. Wu for the constant cncouragcmcnt  and sup;]ort,
<Jack l’atzold  and  Jay l)cttingcr  for hc]ping  implement the }11{S, car] l;ngelbrccht  for his critical advice,
‘l’cc] Swanson (NASA (XW’~) for familiarizing us with the state of the art. of miniat are pun~l)s (during the
preliminary design phase) and finally, IIrian hfiuirhcad  (Flight Systcm h4anagcr)  for having the foresight
and courage to usc an active cooling approac}].
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Figure 1

Integrated Pump Assembly
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Figure 2

ELECTRONICS SHELF TUBE LAYOUT
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